Formation of the germline in an embryo marks a fresh round of reproductive potential, yet the developmental stage and location within the embryo where the primordial germ cells (PGCs) form differs wildly among species. In most animals, the germline is formed either by an inherited mechanism, in which maternal provisions within the oocyte drive localized germ-cell fate once acquired in the embryo, or an inductive mechanism that involves signaling between cells that directs germ-cell fate. The inherited mechanism has been widely studied in model organisms such as Drosophila melanogaster, Caenorhabditis elegans, Xenopus laevis, and Danio rerio. Given the rapid generation time and the effective adaptation for laboratory research of these organisms, it is not coincidental that research on these organisms has led the field in elucidating mechanisms for germline specification. The inductive mechanism, however, is less well understood and is studied primarily in the mouse (Mus musculus). In this review, we compare and contrast these two fundamental mechanisms for germline determination, beginning with the key molecular determinants that play a role in the formation of germ cells across all animal taxa. We next explore the current understanding of the inductive mechanism of germ-cell determination in mice, and evaluate the hypotheses for selective pressures on these contrasting mechanisms. We then discuss the hypothesis that the transition between these determination mechanisms, which has happened many times in phylogeny, is more of a continuum than a binary change. Finally, we propose an analogy between germline determination and sex determination in vertebrates-two of the milestones of reproduction and development-in which animals use contrasting strategies to activate similar pathways.
INTRODUCTION
The construction and successful implementation of a germline is an essential goal in development. Without a functional germline, sexually reproducing organisms 1 cannot procreate, and the unique genetic composition of that individual is lost. The germline is a multigenerational, cellular lineage that includes the functional gametes, usually eggs and sperm, and all the precursor cells that lead directly to those fates. While many cells of an organism are necessary for the germline to develop and to be maintained, the germline lineage is distinct from the supporting or somatic cells of the organism. One could argue that the final lineage separation between the germline from its sister cells, which contribute to the soma, is the major milestone that determines the success or failure of a species. The germline contributes its genes to the next generation and thus in many ways has become immortal, whereas the somatic lineage ends with the adult.
The cycle of the germline is continuous. Following successful fertilization of functional gametes, the developing embryo will eventually make primordial germ cells (PGCs), a lineage that will commit largely if not exclusively to the germ cells. At some later point in development, the PGC population will expand through mitosis as germline stem cells (see Footnote 1) and eventually begin gametogenesis. Successful fertilization of the next generation completes the cycle. This scheme is true for the germline of most metazoans, although the details markedly vary between even closely related species. For excellent perspectives on diversity in reproduction, consider Birkhead (2000) , Judson (2002) .
The diversity in the germline continuum between species is undoubtedly dependent on several types of evolutionary mechanisms, including both adaptive and non-adaptive events. While natural selection has certainly dominated the thinking of phenotype evolution, other evolutionary forces must be integrated into the thinking of reproduction and are non-adaptive. These include DNA mutation (the ultimate source of variation in a population), DNA recombination (disperses mutations throughout the genome), and genetic drift (changes in the frequency of alleles in the population; see e.g., Gould and Lewontin, 1979; Lynch and Conery, 2003; Lynch, 2007) . Each of these events is stochastic in nature, largely independent of the fitness properties of the individual (non-adaptive), and may have particularly important roles for diversification in the germline of a species population (Lynch, 2007) . Non-adaptive evolutionary events likely also have different impacts on reproductive success and diversity depending on when the germ line is formed in development (e.g., Buss, 1987) . Organisms that form their germline early in development, largely under maternal control, may have less individual and intra-species variation than an organism that relies on germline formation late in development, after many cellular divisions, or even in adulthood. For example, the germline of the fruit fly, Drosophila melanogaster, is formed after only 13 cell divisions, and is largely under the regulatory control of instruction left by the mother in the form of cytoplasmic deposits in the oocyte (e.g., Illmensee and Mahowald, 1974) . The genome of the germline that forms in this animal will have relatively little time to vary from its somatic siblings. In contrast, the germline in plants; in the freshwater Cnidarian, Hydra; or the planarian, Schmidtea mediterranea, commit cells to the germline only once they are adults (Newmark et al., 2008; Steele, 2012) . These cells have each undergone enormous numbers of divisions and have possibly been influenced by the environment differently over longer periods of biological time. Therefore, germline cells formed in these types of organisms may be genetically more variable than their siblings within the individual, and the germline then may report more variation acquired through this time. The core of these non-adaptive changes may then serve as the platform for adaptive changes that have led to the diverse germline phenotypes (Buss, 1987; Rosenberg, 2001; Lynch, 2007; Fern andez and Lynch, 2011) .
In this review, we focus on the process of development that assigns the fate of PGCs in an embryo. We describe key molecular determinants of germline formation and their role in the two contrasting mechanisms of germline formation: inherited and inductive. 2 We propose that a continuum exists between these two determination mechanisms, which may involve a series of changes that depend on the reproductive niche of the organism. The term reproduction niche was used recently (Bykova et al., 2012) to define the overall requirements that sexually mature plants have for successful reproduction: offspring production, dispersal, and germination. We use the term here similarly for animals, and add to it the intrinsic mechanisms used for mating, fertilization, specification of the PGCs, and development of gametes within the gonads, since clearly each of these features impinges on the overall ecological, temporal, developmental, and cellular space used to reproduce. We also draw upon an analogy between germline determination (inherited vs. inductive) and sex determination (environmental/temperature-dependent vs. genetic) inasmuch as both involve a conserved, core molecular basis that is controlled by rapidly evolving initiation mechanisms.
CORE GERMLINE DETERMINANTS-THE COMMON PATHWAY
Animals have relied on a conserved set of core genes to generate new germ cells in development. These include, but are not limited to, vasa, nanos, and piwi, and are found in all animals at some point in the construction or maintenance of a new germline. Many additional genes are necessary for an organism to uniquely construct a germ cell, although in many cases the identity of these genes remains uncertain. A molecular function, however, has been ascribed to each of the core germline gene products. The first, vasa, is a DEAD-box RNA helicase with strong sequence similarity to the translation factor eIF4A, and is thought to regulate the 2 The field of germline determination has many terms referring to these same concepts. This often happens when many investigators study diverse organisms over lengthy, historical times. In terms of the two extreme germline determination mechanisms, the broad concept of the inherited mechanisms may also be referred to as localized, autonomous, and pre-determined; the mechanism in the opposite extreme is sometimes referred to as epigenesis, conditional, non-autonomous, or dependent. Here we use the terms ''inherited'' and ''inductive,'' respectively. We find that these terms are more effective in communicating the broad diversity of germline determination mechanisms and amply contrast the processes used without restricting the definitions. For example, presumptive germline cells are seldom cultured in isolation to test autonomy, and in only a few cases have experiments been conducted to test the conditional nature of the cell fate of each cell that may or may not become a PGC. Often, simply the lack of localized candidate gene products is used to conclude that the embryo of a particular species uses an inductive cell fate determination mechanism. Furthermore, the term ''inherited'' emphasizes the maternal contribution to the germline, implying an early determination mechanism, and is distinct from the opposite extreme in which germline cell fate determination occurs later in development and results from intercellular communication.
translation of mRNAs, perhaps even by selective interaction with mRNA sequences (Hay et al., 1988; Lasko and Ashburner, 1988; Linder et al., 1989; Liu et al., 2009; Gustafson and Wessel, 2010) . Vasa is found in the germlines of all animals at some point in their development, and has been shown to be essential for PGC viability in at least in one sex or another in the many animals tested (e.g., Hay et al., 1988; Lasko and Ashburner, 1988; Tanaka et al., 2000; Raz, 2000; Medrano et al., 2012) .
Perhaps prescient of a wider dependence of translational regulation in germline determination, other translational regulators also function selectively in the germline, including eIF4G3 in mouse sperm (Sun et al., 2010) and eIF4E isoforms during oogenesis in mammals and other tetrapods (e.g., Evsikov and Mar ın de Evsikova, 2009) . Recently the initiation factor eIF4E-3 was found to be required for sperm development in Drosophila; meiotic chromosome segregation, cytokinesis, nuclear shaping, and individualization of sperm were each disrupted in its absence (Hern andez et al., 2012) . Despite the presence of other eIF4E isoforms (Drosophila has three), this loss-of-function effect on sperm development suggests that either germ cells have unique translational requirements served by this factor, or that the factor has essential roles in other cellular functions in addition to those of translation.
Vasa also appears to function outside of the germline in many animals, and is involved in regulating cell cycle activities. For example, vasa in Drosophila interacts with aubergine and spindle-E, two germline components of the Piwi-interacting RNA pathway, and recruits them for chromatin condensation during cell division (Pek and Kai, 2011ab) . In sea urchins, vasa associates with the mitotic spindle, where it is thought to regulate the translation of mRNAs important for the cell cycle, which may be limiting in large, rapidly dividing cells (e.g., blastomeres) of an early embryo . Most cells of the body divide quite well without Vasa protein, yet it appears to have an essential role in the cell cycle when it accumulates in somatic cells-even in tumor cells (Hashimoto et al., 2008; Janic et al., 2010; Wu and Ruvkun, 2010) . Perhaps vasa imparts some unique regulation to the cell cycle that has been integrated within a different complex of checkpoints, and removal of vasa in those cells invokes activation of this modified checkpoint. The opposite perturbation, however, is not disruptive. Overexpression of Vasa protein does not cause any adverse phenotype in cell replication (e.g., Gustafson et al., 2011) , so its function may normally be in excess (non-rate limiting) and have limited ''off-target'' effects. Further, ectopic Vasa is not sufficient for ectopic germ-cell formation (e.g., Gustafson et al., 2011) .
Piwi, another conserved core germline gene, is a member of the argonaute family of small RNA-binding proteins. Originally found by a P-element insertion resulting in wimpy testes in Drosophila, it was identified as a gene required for stem cell maintenance in the Drosophila germline (Lin and Spradling, 1997) . Later it was found to bind small (30 nt) RNAs enriched in sequences from transposons, and was proposed to repress transposon function Brennecke et al., 2007) . Such a model is intriguing since high transposon activity in the germline may be detrimental to the organism's fitness (see Girard and Hannon, 2008) for a review of transposon control by small RNAs). It is now thought that piwi functions more widely both in terms of the cell types in which it functions and the processes it targets Juliano and Sneha, 2013, this issue) , and that the generation of piRNAs appears to require both piwi and vasa in the process.
Many proteins are involved in piRNA biosynthesis, and a ''ping-pong'' (or ''feed-forward loop'') mechanism was postulated for the generation of piRNAs in Drosophila (Brennecke et al., 2007; Gunawardane et al., 2007) . This ping-pong amplification process is mediated by two Drosophila PIWI family proteins, aubergine (AUB) and argonaute3 (AGO3), which bind primarily to antisense primary piRNA and secondary sense piRNAs, respectively. Analysis of piRNAs in the germ cells of a vasa-deficient mouse showed that vasa plays an essential role in the early phase of the ping-pong amplification cycle. Kuramochi-Miyagawa et al. (2010) also suggest that vasa may play a role in the construction and/or function of intermitochondrial cement, and that Vasa is essential for the transfer of piRNA from the intermitochondrial cement to the so-called P-bodies, or processing bodies. The association of Vasa with small RNA pathways is consistent with the finding that its RNAhelicase activity is non-processive and maximal at 21 nt in length (Linder and Lasko, 2006; Sengoku et al., 2006) , the average length of most miRNAs. This length is also close to the 26-31 nt of a piRNA, and even closer to the 21-24 nt piwi-associated small RNAs of Caenorhabditis elegans (Bagijn et al., 2012; Stower, 2012) . Thus, Vasa may have important regulatory capabilities in multiple small RNA pathways, perhaps even by regulating miRNA association with target mRNAs through its helicase activity.
The third core element for germline determination, nanos, encodes an RNA-binding protein that interacts with a ubiquitous Pumilio protein (Irish et al., 1989; AsaokaTaguchi et al., 1999) . The nascent Nanos/Pumilio complex binds to specific sequences in the 3 0 -untranslated region (UTR) of messages that contain a Nanos response element (NRE) and recruits proteins that feed back onto the 5 0 -UTR to halt translation initiation in Drosophila (Forbes and Lehmann, 1998; Sonoda and Wharton, 1999; Gupta et al., 2009 ). This complex may also recruit a de-adenylase complex that removes the 3 0 -UTR polyadenylated tail, thus causing specific mRNA degradation (Suzuki et al., 2010 (Suzuki et al., , 2012 . The activity of Nanos may therefore have multiple functions in germ-cell formation, including slowing the cell cycle early in PGC formation through repression of cyclin B activity (Kadyrova et al., 2007) . Pumilio is more generally present throughout an embryo, but cells have acquired multiple mechanisms to restrict the expression of nanos to the germline (Sato et al., 2007) . Nanos protein appears to be ''toxic'' outside of the germline, that is, Nanos misexpression can repress cell cycling in somatic cells as well as lead to misappropriation of cell fates, presumably through its interaction with Pumilio on mRNAs that regulates the cell cycle (Lai et al., 2012) . Germ cells lacking nanos usually undergo apoptosis through the translation and activation of hid, an apoptotic initiator whose mRNA is normally repressed by the Nanos/Pumilio complex in the germline (Sato et al., 2007) .
Each of these core, germline determination genes is used by all metazoans whose germlines have been studied-yet when, where, and how they are utilized during the developmental program of the germline lineage differs enormously from species to species. Part of these differences in timing may reflect a modular function of the core germline genes, and the many additional gene products used to establish a germline. Another difference is the diverse reproductive strategies used by each embryo to establish its germline.
CONTRASTING STRATEGIES OF GERMLINE DETERMINATION
The many divergent strategies for germline determination are often clumped into three main types: adult multipotent stem cell-derived, inherited, and inductive.
Multipotency
Many metazoans, as well as flowering plants, retain cells with multipotentiality throughout adulthood, capable of differentiating into diverse cell types. Flowering plants do not contain a distinct germline in embryos, but they do maintain populations of undifferentiated stem cells that continuously produce both vegetative tissues and organs that lead to formation of the germline in the adult. Cells within these tissues can switch to the production of reproductive organs containing diploid sporogenous cells (gametophytic cells), which will give rise to the haploid male and female gametes. Thus, germ cell precursors can form anew in these adults. Although the mechanisms of this adult germline determination process are not resolved in flowering plants, the mechanisms do not contain the same core germline genes as seen in animals (see e.g., Berger and Twell, 2011 for review of germline specification in plants). Similarly, stem cells in many metazoans have the potential to become a broad palette of somatic cells (as well as germ cells), and are established early in development. In the Cnidarian Hydra magnipapillata and in the Lophotrochozoan flatworm Schmidtea mediterranea, specific stem cells are established in development and are maintained in adulthood. These so-called interstitial stem cells (I-cell) of H. magnipapillata and the neoblasts of S. mediterranea are capable of differentiating into diverse cell types, including germ cells.
Planarians have the ability to rapidly regenerate regions of their body. This regeneration has been attributed to the presence of totipotent neoblasts (Baguñ a, 1981) . The neoblast cells contain round, electron-dense chromatoid bodies that are similar to germ granules in other organisms and are maintained in germ cells after differentiation (Pederson, 1959; Morita, 1967; Coward, 1974; Hori, 1982) . Experiments on the planarian Dugesia japonica have shown that vasa-related gene products are present in the chromatoid body and may play a role in neoblast totipotency (Shibata et al., 1999) . A nanos-related gene, djnos, is found within a subpopulation of the neoblasts that produce germ cells during sexualization (Sato et al., 2006) . Macrostomum lugano expresses homologues of vasa (macvasa) and piwi (macpiwi) in the gonads and somatic stem cells of males and females (Pfister et al., 2007 (Pfister et al., , 2008 . In S. mediterranea, neoblasts are the only dividing cell of the adult and are responsible for all cell types of the organism (Wang et al., 2007; Forsthoefel et al., 2012) . In addition to the somatic cells, these adult stem cells contribute to the germline, and when they do so, they appear to use the same core germline gene set as used in more complex animals, including vertebrates (Mochizuki et al., 2000 (Mochizuki et al., , 2001 .
Inheritance
Inheritance-based germline determination refers to a mechanism whereby maternal products accumulate in one region of the egg or early embryo, and the cells that acquire that material begin a process of germline determination ( Fig. 1 ). This developmental mechanism is present in many invertebrates and vertebrates, and is most thoroughly described in the model organisms D. melanogaster, C. elegans, Danio rerio (zebrafish), and the frog Xenopus laevis (e.g., Seydoux and Braun, 2006; Ewen-Campen et al., 2010) . In these animals, the core germline gene set (vasa, nanos, and piwi) are key ''germline determinants,'' and are present within distinct cellular structures, such as pole plasm (Drosophila, Zebrafish), and germ plasm (Xenopus), which are morphologically different but serve a similar function.
In Drosophila, the oskar gene controls assembly of the germ plasm and determines the number of precursors formed at the posterior end of the embryo (Ephrussi et al., 1991) . Downstream interaction of oskar with vasa Figure 1 . Inherited versus inductive germline determination. Embryos have two different strategies to determine their primordial germ cells. Inherited mechanisms rely largely on localized maternal determinants that, when acquired by cells of the embryo, assign the fate of a germline to those cells. In contrast, inductive mechanisms rely on intercellular inductive interactions that are interpreted by the cells to acquire a germline fate. Although each mechanism is distinct in principle, they converge on activation of a similar core gene set for maintenance and differentiation of germ cells. These elements include Vasa, Nanos, and Piwi (shown in red).
is required for the assembly of polar granules (Breitwieser et al., 1996) . Tudor, another gene essential for polar granule assembly (Thomson and Lasko, 2004) , is downstream of vasa in the pathway for germ-cell fate. Formation of germ cells at an ectopic site in Drosophila requires these three genes only (Ephrussi and Lehmann, 1992; Smith et al., 1992) . Nanos RNA also localizes to the germ plasm (Nakamura et al., 1996) and acts downstream of vasa, oskar, and tudor to regulate posterior pattern formation of the Drosophila embryo (Lehmann and N€ usslein-Volhard, 1991; Wang and Lehmann, 1991) . A gene with a function similar to oskar (Ewen-Campen et al., 2010) , and the first gene to be identified as essential for germ plasm organization in vertebrates (Bontems et al., 2009) , is bucky ball. In zebrafish, it regulates the formation of the Balbiani body (also known as the mitochondrial cloud in Xenopus), an aggregation of cellular organelles transiently found in the oocytes of all examined vertebrates using inherited mechanisms of germline determination (Billett and Adam, 1976) . Bucky ball also determines the animal-vegetal axis in zebrafish through the localization of appropriate transcripts, and is thus responsible for the polarity of the oocyte and early embryo (Marlow and Mullins, 2008) . Initially, vasa is maternally expressed throughout the zebrafish embryo (Braat et al., 2000) , but loss of vasa through morpholinomediated knockdown does not affect formation of germ cells (Knaut et al., 2000; Braat et al., 2001) . A nanos-like gene (nanos1) localizes to the germ plasm and is essential for migration and survival of the germ cells in the embryo (Koprunner et al., 2001) ; in the adult fish it is required for production of oocytes (Draper et al., 2007) .
The structures mentioned above are enriched within a small region of the egg or early embryo, and the cells that acquire these structures are directed to a germline fate (see also Gao and Arkov, 2012) . A major research question in the field is what functions are present in those cellular structures that direct na€ ıve cells to a germ-cell fate. Clearly, just adding vasa, nanos, or piwi to a cell is insufficient to direct that cell to a germline fate (see e.g., Gustafson et al., 2011; Lai et al., 2012) . These factors are necessary, but not sufficient, for germline determination. Instead, a large combination of functions that broadly changes the cellular activities is required, including alterations in chromatin structure, translational changes, mRNA and protein turnover, and reconfiguration in the cell-surface proteome.
Recently, the germ plasm of an early embryo has been shown to be sufficient for germ-cell formation in a vertebrate. Tada et al. (2012) transplanted eGFP-labeled germ plasm from an eight-cell embryo into ectopic sites of a stage-matched Xenopus embryo, leading to PGC formation in a distal site. These ectopic PGCs became functional germ cells, both sperm and eggs, indicating that the germ plasm of frogs is sufficient as an inherited mechanism for germ-cell fate determination. Moreover, this emphasizes the dramatic similarity to what was learned by similar approaches in Drosophila (Illmensee and Mahowald, 1974; Mahowald, 2001 ) and suggests similar inheritance mechanisms. Not only was the germ plasm capable of re-directing the fates of the recipient cells to the germline, but the recipient cells were also capable of ''reading'' the germ plasm and responding appropriately. Although the newly formed PGCs did not migrate to the developing gonads on their own, they were able to integrate into the somatic cell matrix and develop into functional gametes if transplanted near the developing gonad site. This result also supports the model that germ plasm is not simply a marker of the germline, for example, a convenient tool for investigators, but a functional element that actively regulates germline determination.
Recent results in C. elegans suggest that P-granule segregation, long thought to be an essential element of germline determination, actually is not essential for germline determination (Gallo et al., 2010; Voronina, 2012 ; see also Strome et al., 1995; Hird et al., 1996) . Genetic-based disruption of the P-granules (by mutation of a phosphatase enzyme, pptr) causes dispersion of the P-granules and an absence of segregation during early cleavage divisions, although normal germline determination and reformation of P-granules occurs later in development and the animals are fertile. Clearly, more than the core elements of the germline determination pathway are needed for this cell fate. This result also underscores the importance of identifying the contents of localized materials, their mechanisms of action, and accessory factors essential for this function. The above result may also be a clue to how some embryos can restore germline stem cell function following disruption or removal of their initial assignment. Such a ''recovery'' of PGCs has been seen in ascidians (Takamura et al., 2002) and in sea urchins (Voronina et al., 2008) .
Inductive Determination
A third major mechanism of germline determination is referred to as inductive or induction-based. Animals using inductive germline determination mechanisms have no predefined germ plasm or localized determinants in the embryo that directly lead to a germline fate. Instead, cells in the embryo rely on positional information and intercellular communication to ascribe this fate decision (Fig. 1; McLaren and Lawson, 2005) . Without specific inductive signaling, cells are directed instead to continue towards a somatic cell fate. The process of induction may even involve a diversion from the somatic cell fate in certain cells, thereby restricting them to a germline fate. These developmental processes occur later in development than for the inherited mechanism of germ-cell fate, and PGCs are therefore established later in development. The inductive developmental strategy appears to be the most ancient mechanism used by animals, and is present widely in animal taxa. It is believed that the inherited, germ plasm-driven mechanisms have independently evolved several times throughout the phylogeny (Extavour and Akam, 2003; Ewen-Campen et al., 2010) , perhaps resulting in the vast differences in structures of these localized determinants.
The mechanisms for inductive determination are not as well understood as the inherited mechanism. Even though they are distinct strategies and are seen in different species, the same core germline gene set is still employed (Ewen-Campen et al., 2010) . Additional layers of complexity may also be involved because of the inductive signaling necessary for this mechanism and because it may generally rely more on mechanisms of repression and/or redirection of somatic cell fate. In contrast, cells in the early embryos of organisms using inherited mechanisms show all possible cell fate potentials at the time of inheritance, and have the task of maintaining those fates for later development. Inductive instruction may necessarily rely on cellular communication, leading to new gene expression and chromatin modifications that effectively repress an otherwise budding somatic fate within the cell. The best-studied example of inductive specification of the germline is in the mouse, where extensive classic experimental embryology is partnered with a contemporary molecular approach to cellular interactions and chromatin modifications.
Mice differ from organisms using inherited mechanisms (Drosophila, Xenopus, etc.) in that the embryos show no allocation of the germline during early cleavage stages (see Durcova-Hills and Capel, 2008) . Instead, the PGCs in mice are derived from the epiblast during gastrulation as a result of signals from the surrounding extraembryonic ectoderm and visceral endoderm (Tam and Zhou, 1996; Lawson, 2005, Hayashi et al., 2007) . The inductive nature of germline determination in this organism was originally explored by cell transplants: cells from the distal epiblast of a mouse embryo were transplanted to the proximal region of the epiblast, where they turned into PGCs, a fate distinct from their previous location (Tam and Zhou, 1996) . This suggests that it is location and communication, not acquisition of stored materials (e.g., germ plasm), that determines cell fate in this animal. It does not, however, exclude the possibility that only certain cells of the epiblast-perhaps having acquired some unique maternal constituents (vis-a-vis inherited specification)-are capable of responding to the given intercellular signal (e.g., inductive; see also Fig. 2) .
The PGCs that form in mice soon show characteristic staining with tissue non-specific alkaline phosphate (TNAP; Chiquoine, 1954) , the original germline marker found in many vertebrates. Ginsburg et al. (1990) show that about eight such cells cluster together at a location posterior to the definitive primitive streak, and by 7.5 days post-coitum (dpc), this cluster grows into the founder pool of 40 PGCs (McLaren and Lawson, 2005) . Anderson et al. (2000) found that a truncated oct4 promoter, a gene later associated with pluripotency, steminess, and induction of pluripotency stem cells from fibroblasts (iPS cells; Takahashi and Yamanaka, 2006 ; see also Yeom et al., 1996) , is able to drive GFP expression selectively in PGCs. This discovery has been particularly useful in determining mechanisms of migration and the fates these cells acquire in the event of changes in the environment or of the genes normally regulating their fate. Thus, PGCs can now be visualized by TNAP and GFP expression, although this approach does not elucidate the molecular mechanisms of germline determination in the animal since it is a later event resulting from initial specification mechanisms.
How is inductive specification of the germline achieved? The PGC markers previously used in other organisms (nanos, vasa, and piwi) do not accumulate until later in development in the mouse, and do not reveal any of the early specification programs required for inductive mechanisms. It is as if the mechanism of inherited specification (e.g., in Drosophila and Xenopus) has expedited the processes, whereas in the mouse and other mammals, these same essential genes are only invoked later in the germline developmental process (Fig. 2) .
Many labs have made significant progress in the past several years into the mechanisms of inductive germline specification in the mouse. As a result, we now also have an opportunity to comparatively analyze these mechanisms in a wide range of species displaying this ancient mechanism of germ-cell determination. Several gene functions have been discovered recently that together support the hypothesis that the inductive mechanism of germline determination emphasizes broad genomic regulators that both repress somatic fates and specify a germ cell.
THE QUEST FOR A MOLECULAR MECHANISM OF INDUCTIVE GERMLINE DETERMINATION
A decade ago, Saitou et al. (2002) set out to uncover the molecular program by which mouse PGCs are set aside from their somatic neighbors. The team's approach was to interrogate mRNAs from individual cells separated from the posterior epiblast where the PGCs form. They made complementary DNA (cDNA) libraries from individual cells and tested if mRNAs accumulated with an expression pattern that they predicted to be limited to PGCs. Their approach was creative and logical, and used an iterative positive/ negative selection of PCR products from each of the individual-cell cDNA libraries. They started with bone morphogenetic protein-4 (bmp4). When the extraembryonic Figure 2 . A continuum of mechanisms used for germ-cell specification. At the extremes are the consensus mechanisms of inherited and inductive germline determination. These conclusions are bases on the very few embryos that have been studied in detail. Each of the cellular and molecular events is likely used to differing degrees in a species, forming a continuum of mechanisms across phyla. For instance, some embryos using inherited germline determination may actually specify their germline later, requiring more chromatin modifications than the extreme case.
tissue of the mouse is mutant for bmp4, no germ cells form in the embryo even if the embryonic tissue is wild-type. Conversely, wild-type extraembryonic tissue supports formation of germ cells in an epiblast that is mutant for bmp4 (Lawson et al., 1999) . This result showed that Bmp4 signaling from the extraembryonic ectoderm lays the foundation for the founder pool of PGCs.
It was later confirmed that the germ-cell fate is a direct consequence of bmp4 signaling (Ohinata et al., 2009 ). Cells of the allantoic mesoderm do not express bmp4, allowing this gene to be used as a negative marker in the initial screen for candidate PGCs. Since the candidate PGCs are found in the region of the epiblast adjacent to the extraembryonic material, it was difficult to determine whether a cell was from the epiblast or the extraembryonic ectoderm. The ''Saitou Screen'' used the absence of bmp4 as a preliminary indication that the selected cells were from the epiblast. TNAP served as a positive marker for cells that constitute the germline. Finally, the screen used hoxb1 as a negative marker for PGCs, as it is expressed in somatic cells of the epiblast, but not in the germline. Ten of 83 cells from the proximal epiblast stood out from this positive/negative interrogation as nominees for a PGC fate.
The candidate PGCs were then further analyzed for genes that may be unique to the cell at the time of cell fate specification, and the test produced two gene products. Fragilis (iftm3 in Tanaka and Matsui, 2002) , a newly discovered member of the interferon-(IFN)-inducible transmembrane protein family, was the first gene to mark germ-cell competence. It can be detected also in many different adult and embryonic tissues, which suggests that it has a broader role than just in germ-cell determination (Saitou et al., 2002) . For several years, the presence of fragilis in pre-migratory PGCs and its conservation in mammals led researchers to believe that it must have some role in PGC determination (Lange et al., 2003; Tanaka et al., 2005; Tam and Loebel, 2007) . Once the gene function was tested by knockout mutations, however, the animals did not show any signs of developmental problems, inviability, or infertility (Lange et al., 2008) . Thus, even though fragilis is the earliest of known germline marker expressed in the mouse, its function in this context is still unknown. In the least, it may have functional overlap with other genes within the cell that impart functions that are not yet appreciated. Until this is resolved, it still serves a useful purpose as an additional marker of the germline, as both fragilis and TNAP are not required for PGC development or migration (MacGregor et al., 1995) .
The second gene emanating from the ''Saitou Screen'' was stella (PGC7/Dppa3 in Sato et al., 2002) , a maternal effect gene that maintains DNA methylation and is involved in epigenetic reprogramming post-fertilization (Nakamura et al., 2007) . Recent work shows that it prevents the conversion of 5-methylcytosine to 5-hydroxymethylcytosine in the maternal genome (Nakamura et al., 2012) . It is expressed later than fragilis, and is a marker of lineagerestriction, although it too is dispensable for germ-cell determination and development (Payer et al., 2003; Bortvin et al., 2004) . The cells expressing fragilis and stella in the ''Saitou screen'' showed clear suppression of hox genes and high expression of two mesodermal markers (T, the mouse homologue of Brachyury, and Fgf8). This provides molecular evidence that PGCs arise from cells that are originally destined for a somatic-mesodermal fate, an important feature of inductive germline determination. In support of this conclusion, the group never detected stella in cells lacking fragilis in vivo (Saitou et al., 2002) . Interestingly, epiblast cells induced by the extraembryonic ectoderm in vitro show expression of fragilis but not stella. This finding opened up the possibility of an additional signal-one that would lead to lineage-restriction and the final stages of PGC specification.
A breakthrough came in January 2005, when Vincent et al. (2005) learned that a DNA-binding transcriptional repressor known as B-lymphocyte induced maturation protein 1 (blimp1) is necessary for the formation and specification of PGCs. Blimp1 was isolated as a positive regulatory domain I-binding factor (prdm1), a novel repressor of betainterferon expression (Keller and Maniatis, 1991) . It has since been shown to carry out a number of functions ranging from forelimb development to tumor suppression (see Bikoff et al., 2009; John and Garrett-Sinha, 2008, and Martins and Calame, 2008 for review of functions). The gene has an established role in PGCs: blimp1-positive PGCs are detected at 7-8 dpc. These cells migrate to the gonads at 11-12 dpc, and stop expressing blimp1 at 13 dpc (Chang and Calame, 2002) . Vincent et al. (2005) originally aimed to test the role of blimp1 in establishing the antero-posterior axis, and went on to show various abnormalities in loss of function (LOF) mutants. Blimp1 LOF embryos fail to survive past 10.5 dpc as a result of defects in their branchial arches, severe hemorrhaging, and even placental defects. Of great importance here is the finding that blimp1 mutants show a dosage-specific decrease in PGCs to a point where homozygous mutants lack PGCs altogether. This work has provided researchers with blimp1 as a candidate gene that might be responsible for PGC lineage-specification in mice. Ohinata et al. (2005) found approximately six epiblast cells showing expression of blimp1 as early as 6.25 dpc. At 7.5 dpc the number of cells increases to a founder pool of 40 cells, which in turn express stella and then appear to only demonstrate PGC fates. It is now clear that the initial six cells are the earliest members of the germ-cell lineage, but they are by no means the only ancestors (Lawson and Hage, 1994; Tam and Zhou, 1996; reviewed in McLaren and Lawson, 2005) . A lineage-tracing experiment involving a Cre-LoxP system helped to establish that blimp1-positive cells expressing stella are restricted to a germ-cell fate (Ohinata et al., 2005) . The above study corroborated the previous finding (Vincent et al., 2005 ) that blimp1-negative embryos lack PGCs. cDNA libraries (similar to those from the ''Saitou Screen'') of blimp1-deficient cells reveal that the few stella-positive mutant cells seem to be perturbed in several aspects compared to wild-type PGCs. These cells show inconsistent expression of the hox genes, fail to proliferate, and it was speculated that they eventually undergo apoptosis or adopted a somatic cell fate that was assigned to them prior to initiation of the germline-specification program (Ohinata et al., 2005) . It seems clear that blimp1 is indeed a critical determinant of the germ-cell lineage.
THE ASCENT OF blimp1 AND EPIGENETICS IN INDUCTIVE GERMLINE DETERMINATION
Blimp1 is involved in a transcriptional regulatory complex that plays a unique role in the mouse germ-cell lineage (Ancelin et al., 2006) , and has been implicated as an epigenetic repressor Ren et al., 1999; Piskurich et al., 2000; reviewed in Kouzarides, 2002) . To test this hypothesis in PGCs (see Bikoff et al., 2009 ), Ancelin et al. (2006) looked for histone methyltransferase activity that was exclusive to the PR domain, a derivative of the SET (suv39, enhancer of zeste, trithorax) protein domain (Ohinata et al., 2005) . A myc-tagged Blimp1 immunoprecipitate was used to conduct a histone methyltransferase activity assay. Histones H3 and H2A stood out as candidate target proteins in the assay, and Blimp1 led to their methylation on arginine 3 (H2A/H4R3me2) of the conserved five amino acid N-terminus. The group speculated that since PR-SET domains are known to methylate lysine, not arginine, there must instead be another protein with histone arginine methyltransferase activity present in the immunoprecipitate. Indeed, protein arginine methyltransferase-5 (prmt5), which functions in dimethylation of histone arginine residues (Branscombe et al., 2001; Pal et al., 2004) , was found to associate with Blimp1 in vitro and in vivo.
Prmt5 is a maternally inherited gene that is up-regulated in the cytoplasm during the derivation of embryonic stem cells (ESCs) and interacts with mep50 in order to maintain ESC pluripotency (Tee et al., 2010) . Mep50 (methylosome, WD-repeat containing protein) is important for methylosome activity, specifically methylating predeposition histones H2A/H2A.X-F and H4 and the histone chaperone nucleoplasmin on a conserved motif (GRGXK; Friesen et al., 2011; Wilczek et al., 2011) . The Blimp1-Prmt5-Mep50 complex was found to be responsible for high levels of H2A/H4 R3 methylation when present in the nucleus at 8.5 dpc. The presence of the complex within the nucleus correlated with down-regulation of the dhx38, a gene whose ortholog in C. elegans has been implicated in germline development (Graham and Kimble, 1993) . Dhx38 encodes a DEAH box-containing RNA helicase activity (Ancelin et al., 2006) , and its gene has four GGGAAAG motifs corresponding to a Blimp1 binding site (Kuo and Calame, 2004) . The sequence present in exon 11 of the dhx38 gene is the target of the Blimp1/Prmt5 complex. dhx38 expression is up-regulated once Blimp1-Prtm5 moves from the nucleus to the cytoplasm (at 11.5 dpc), and the PGCs go into mitotic/meiotic arrest by 12.5 dpc. High levels of prmt5 and dhx38 are also detected when similar tests are performed in ESCs, embryonic germ cells, and P19 mouse carcinoma cells, all of which are pluripotent (Ancelin et al., 2006) . Not surprisingly, blimp1 is absent in these cells.
Thus, the spatial and temporal regulation of H2A/H4 R3 dimethylation in vivo was proposed to play a crucial role in PGC specification, providing a foundational mechanism for this complex process.
Given these findings, blimp1 was postulated as a gene responsible for repression of the somatic cell program and maintenance of early germ-cell characteristics . In quick order, blimp1 was reported to repress nearly all the genes normally down-regulated in PGCs as compared to the neighboring somatic cells . Lin28, a negative regulator of the let-7 microRNA (miRNA), is required for PGC development, and overexpression of lin28 promotes the formation of stella-positive cells and PGCs in vitro and in chimeric embryos, respectively (West et al., 2009; reviewed in Matzuk, 2009) . As a target of let-7 miRNA (Ohinata et al., 2005) , blimp1 was shown to rescue the effects of lin28 knockdown by RNA interference (RNAi), thereby establishing lin28 as an upstream component of the PGC development pathway (West et al., 2009) . Importantly, new technology emerged that allowed blimp1 and stella expression to be analyzed both in vitro and in vivo. A double-transgenic line was used to express membrane-targeted Venus (mVenus), a brighter version of yellow fluorescent protein (YFP), and enhanced cyan fluorescent protein (eCFP) as reporters for blimp1 and dppa3 (stella) expression, respectively . One of the main problems in visualizing PGCs in vivo was that the cells are often unable to sufficiently up-regulate a single transgenic reporter because of the variable chromatin states of its genome. The double-transgenic approach not only bypassed this problem and provided a non-invasive method to visualize PGC development in vivo, but also provided researchers with an opportunity to induce expression of germ cells in vitro with temporally coordinated blimp1 and stella expression.
Although Blimp1 and Prmt5 form a complex in the process of germline determination, their individual actions appear to be antagonistic in the grand scheme of germline determination. First, it is known that blimp1 and prmt5 are respectively up-regulated and down-regulated in ESCs (Ancelin et al., 2006; Tee et al., 2010) . Second, evidence suggests involvement of reprogramming (de-differentiation) in PGCs to pluripotent embryonic germ cells. When exposed to the endogenous signaling molecule fibroblast growth factor 2 (FGF-2), PGCs down-regulate Blimp1 . Subsequently, three known targets of Blimp1-dhx38 (Ancelin et al., 2006) , c-myc , and klf-4 (Durcova-Hills et al., 2008)-are all up-regulated in tandem with the loss of blimp1 in these cultured PGCs. Prmt5 is retained in embryonic germ cells, and takes on a cytoplasmic role similar to that in naturally occurring ESCs. Induction of blimp1 in mouse embryonic fibroblasts leads to partial reprogramming of somatic cells, whereas induction of prmt5, klf4, and oct3/4 gives somatic cells the potential to differentiate into all three germ layers in a manner comparable with ESCs (Nagamatsu et al., 2011) . Thus, prmt5 appears to be a gene responsible for maintaining the pluripotency of cells, whereas blimp1 imposes some restriction on the fate of mesodermal cells during PGC specification and formation. Bao et al. (2012) have confirmed that blimp1 is not required for the derivation of ESCs from the epiblast or for their maintenance.
A SIBLING IS FOUND
The identification of prdm14, a close relative of blimp1/ prdm1, defines a novel pathway for ensuring the development of the germ-cell lineage (Yamaji et al., 2008; reviewed in Bikoff and Robertson, 2008) . Expression of prdm14 is seen by 6.25 dpc (Yabuta et al., 2006) , preceding expression of stella, and was found to be critical for germ-cell development, via repression of the somatic mesodermal program, but is not required for embryonic development. The proline-rich sequence in Prdm1/Blimp1 might contribute to its array of functions in cell types outside the germline (Bikoff and Robertson, 2008) , thus making it essential for embryonic development and viability (Vincent et al., 2005) , but also provides functional overlap to prdm14. Prdm14 is essential for the derivation of embryonic germ cells from PGCs via the reacquisition of pluripotency, and has a defined role within the PGC-specification pathway. Although initial activation in the germline is blimp1-independent, the ''master PGC regulator'' controls prdm14 up-regulation and maintenance. The bmp4-smad1 pathway ultimately controls expression of both these major transcriptional regulators (see Fig. 3, inlay) . Although the details remain murky, involvement of the bmp4 pathway could be predicted given that the gene is essential for mesoderm formation (Winnier et al., 1995) and that PGCs arise from cells otherwise destined for a mesodermal fate (Saitou et al., 2002) . Prdm14 is also involved in somatic cell reprogramming, although, much like with blimp1, cells such as embryonic fibroblasts expressing the gene do not become pluripotent (Nagamatsu et al., 2011) . In humans, prdm14 is required, but not solely sufficient, for maintaining self-renewal of ESCs, although it does induce suppression of genes that keep them in an undifferentiated state (Tsuneyoshi et al., 2008) . Figure 3 . A molecular mechanism for inductive germ-cell specification and beyond. The process of PGC specification begins with the expression of fragilis in the cell membrane. The Bmp4 pathway triggers expression of blimp1 and prdm14, the master regulators of the specification process. The Blimp1/Prmt5 complex suppresses expression of dhx38; coupled with epigenetic changes, this gives rise to PGCs at 8.5 dpc. From here, cells undergo reprogramming in vivo during migration to the genital ridge. The cells can also be converted to pluripotent embryonic germ cells though in vitro reprogramming. Note that certain processes (loss of blimp1, translocation of Prmt5 to the cytoplasm, expression of dhx38, and other blimp1 targets in the nucleus) are conserved across both the processes. Inlay: Gene pathway showing blimp1 and prdm14 as key players in the conditional germline determination process. Adapted from Saitou and Yamaji (2010) .
The proposed model from these findings ( Fig. 3 ; see also Arnold and Robertson, 2009; Saitou, 2009; Saitou and Yamaji, 2010) suggests that a select number of cells at the posterior end of the mouse epiblast express prdm1 and prdm14 in response to bmp4 signaling from the extraembryonic ectoderm. Cells that do not express these genes instead express the hox genes, and head toward a somatic mesodermal fate. prdm-positive cells, however, show upregulation of stella, sox2, and other key genes involved in the germline, and down-regulation of the hox genes. Chromatin modification in these cells begins with the Blimp1/ Prmt5 complex methylating H2A and H4 on arginine 3 (H2A/ H4 R3Me2). Specification is completed following increased trimethylation of lysine 27 and decreased dimethylation of lysine 9 on histone H3 (H3K27me3 and H3K9Me2, respectively). These final modifications in nascent PGCs are not linked to the Blimp1/Prmt5 complex, but have alternate mechanisms (Seki et al., 2007; Ohinata et al., 2009 ; see also Kota and Feil, 2010; Gillich and Hayashi, 2011) . For example, it is now believed that DNA demethylation in mouse PGCs is a result of single-stranded DNA breaks and a process of base excision repair reviewed in Surani and Hajkova, 2010) . During in vitro reprogramming of PGCs to ESCs, blimp1 is down-regulated so that Prmt5 is left in the nucleus, and is eventually translocated to the cytoplasm . The genes targeted by Blimp1 are up-regulated, giving rise to self-renewing pluripotent cells. The transition from PGC to embryonic germ cell is accompanied by expression of stat3, klf4, and c-myc over a course of approximately 10 days.
Does blimp1 activity intersect with fragilis and stella? What role do these two play, given that they have been shown to be dispensable for PGC specification and fertility in the mouse? Fragilis is an interferon-inducible protein located in the plasma membrane at cell-to-cell contact sites (Saitou et al., 2002) . Since blimp1 was isolated via its ability to bind and repress a beta-interferon promoter, perhaps a connection exists between expression of the two genes at the onset of PGC specification. It is also unknown if the Blimp1/Prmt5 complex interacts with stella at a molecular level, even though they are both present in the nucleus around 7.5 dpc. The first study of blimp1 knockouts (Vincent et al., 2005) showed that the PGCs present in a few of the mutants failed to migrate to the genital ridge. Yet, no studies have pursued this observation further, probably because of the embryonic-lethal nature of the mutation. Nanos3, a member of the nanos family of genes described previously, is found in migrating PGCs (Tsuda et al., 2003) , so a nanos3::cre-recombinase gene construct, for example, could be used to excise a floxed blimp1 gene in migrating PGCs in order to determine whether or not Blimp1 is essential for this process. Such a conditional, tissuespecific knockout of blimp1 might provide greater insight into the role of the master-regulator in this key process that takes place post-specification.
Mouse epiblast cells experience major transcriptional and epigenetic changes from pre-to post-implantation development. These changes include DNA methylation, chromatin compaction, random X-chromosome inactivation, and silencing of pluripotency genes (Monk and Harper, 1979; Ahmed et al., 2010; Borgel et al., 2010; Miyanari and Torres-Padilla, 2012) . Reversal of many of these changes occurs uniquely within the PGCs following their specification, and appears to be a prerequisite for acquisition of the totipotency exclusive to these cells (Yamaji et al., 2008 ). Prdm14 appears to be a key factor in the early steps of germ-cell reprogramming, and shows specific expression in PGCs and pluripotent stem cells. So far, a total of three genes appear key to the unique epigenetic reprogramming and reversion of cells in the epiblast to a totipotent state: blimp1, prdm14, and the transcriptional regulator ap2g establish an essential chromatin landscape leading to PGC specification (Magn usd ottir et al., 2012) . Following induction of blimp1, prdm14, and ap2g in the presumptive germ cells, several pluripotency/reprogramming factors are specifically induced in the cells, including klf2 (Kruppel-like factor 2), sox2, and nanog .
More recently, the Surani group has taken a cell-culture approach to dissect the mechanism of epigenetic regulation of epiblast cells in the mouse embryo and their capacity for PGC development . Mouse genetics has provided crucial insights into the mechanisms of inductive PGC specification, yet the epigenetic mechanisms used by germ cells are poorly understood. Moreover, working on germ cells in mice has inherent challenges, especially with the limited numbers of PGCs and the lack of access to the embryo following implantation. Maintaining mouse PGCs in vitro is currently not possible, thus studies manipulating stem cell cultures have become prominent surrogates in studies of PGC development in lieu of the in vivo PGCs. While this comes with complications in interpretations, as does any in vitro model of an in vivo process, it allows additional approaches and more rapid experimentation than otherwise possible. Assays using epiblast stem cells (EpiSCs) are now being used to investigate the role of germline factors in epigenetic reprogramming . EpiSCs self-renew continuously, can be expanded to large quantities, and are easy to manipulate. Further, EpiSCs can transition (revert) to ESC-like cells and at that point can undergo specification to unipotent PGCs upon exposure to BMP4 (Hayashi and Surani, 2009 ). Thus, the reversion of EpiSCs to ESCs represents a more tractable system for testing the effects of germline factors on epigenetic reprogramming. This system was used recently to identify a synergistic effect of Prdm14 and Klf2 in EpiSC reversion that includes rapid and efficient X-chromosome reactivation and loss of DNA methylation . Notable here is that the factors work together for this transition, and are individually ineffective in this endpoint. Klf2 is a target of the Prdm14 complex that is induced in the PGC genome when epigenetic reprogramming leads to a potential for early germ-cell specification. Thus, combinatorial-based epigenetic changes in the small set of cells responding to BMP4 appears to tip a balance of somatic/germline fate. The germline fate enables other pluripotency genes to become active and to contribute in different ways to the commitment of these few cells to the immortal germline lineage.
FURTHER LESSONS FOR GERMLINE DETERMINATION
Induction-based germline specification is widespread through phylogeny, with many of the major phyla having representatives of both inductive and inherited mechanisms of germline specification (Extavour and Akam, 2003) . How inclusive is the mouse model of inductive germline specification, particularly in explaining this mechanism as a general phenomenon? Are these same molecular players part of a core gene set required for germline determination in all animals, even in those using inherited mechanisms? Highly conserved orthologs of the blimp1 gene can be found across species showing both inherited and inductive specification (John and Garrett-Sinha, 2008) , and stella is restricted to the germline of the placental mammals tested (Cañ on et al., 2006) . Genes such as vasa, nanos, and piwi also function in mouse PGC fate, but they are expressed and appear to function much later in development. Interestingly, capsuleen/dart5, a homologue of Drosophila prmt5, has been shown to regulate germ-cell specification and spermatocyte specification in females and males, respectively (Gonsalvez et al., 2006; Anne et al., 2007) . Dart5 mutants show disrupted localization of tudor, an essential gene for polar granule assembly and pole cell specialization in Drosophila (Thomson and Lasko, 2004) . This work, along with studies in C. elegans (Barbee and Evans, 2006) , provides evidence that Sm proteins, core components of small nuclear ribonucleoproteins (smRNPs) such as dart5, are required for germ-cell specification and maintenance. It is important to note that the above holds true even for organisms undergoing inherited specification via transcriptional and post-transcriptional silencing. Blimp1 also acts to regulate chordin expression in the gastrula organizer and cell-fate specification in Danio, another organism that uses inherited determination (Wilm and Solnica-Krezel, 2005; Tada et al., 2012) . Furthermore, the discovery of lin28 as a regulator of PGC formation in mice identified a gene that plays a role across phyla-from regulation of developmental timing in C. elegans (Moss et al., 1997) to germ cells in the human fetal ovary (Childs et al., 2012; see Moss and Tang, 2003 for the conservation of lin28). A link between lin28 and blimp1/prdm14 in other species would further reveal the latter's role as a master regulator of germ-cell development.
The one factor consistent across blimp1 homologues is that they all act as transcriptional repressors of other genes. It would make sense that such a gene would be required to regulate germ-cell development in an organism where, for the most part, repression of somatic genes is essential for a germline fate. In inherited determination, however, the set of signals for PGC formation is already established in the germ plasm. Presumably, it works in an organism with a more labile nucleus in its developmental program, and is less dependent on repression of instructions that would otherwise lead cells down a somatic path. Drosophila blimp1 (dblimp1) has been shown to play a role in developmental timing (Agawa et al., 2007) , but not in germ-cell formation. It seems that the autonomous mode of determination obviates a need for blimp1/prdm14 as a regulator of PGC formation. Thus, the role of blimp1 and prdm14 as transcriptional repressors in the mouse germline helps to distinguish mechanism between the two processes of germline determination, of an inherited process into a cell with a na€ ıve nucleus versus an inductive process in which the nucleus has a history of gene expression, much of which needs to be repressed.
So the question remains: how conserved is the molecular program for animals using induction-based germline specification? Further, what is required to transition from an inductive to an inherited program? This transition appears to have occurred many times in evolution (Extavour and Akam, 2003) , so in principle, it must be minimal. Some models of germline determination suggest that this ancient mechanism was replaced through several independent events by a mechanism relying largely on the same germline determinants being localized, and thereby directing fate determination on those cells that acquire them (Extavour, 2007) . Another hypothesis is that when gene regulation networks (GRNs) are invoked early as in maternally localized determinants for germline determination, the embryo is more able to change and create new morphologies in the organism (Johnson et al., 2003 (Johnson et al., , 2011 Crother et al., 2007) . One selection mechanism for inherited determination may be a relatively earlier germline acquisition, perhaps enabling faster development and therefore an earlier impact on competition in the reproductive niche.
Interestingly, a molecular explanation for a switch between the two mechanisms has been found in holometabolous (''higher'') insects. The evolution of oskar correlates with a switch in germline determination from an inductive to an inherited mechanism reviewed in Extavour, 2011) . Remarkably, upon acquisition of oskar (and possibly other characters in the animal) and conversion from a basal inductive-based mechanism to an inheritance-based mechanism, some species subsequently lose functionality of oskar and revert back to an inductivebased mechanism ). An important goal over the next several years will be to learn how diverse animals using inductive specification accomplish this task. With that molecular information in hand, hopefully investigators will be able to test for consensus mechanisms, if they even exist. From there, one might be able to compare the canonical inheritance next to the canonical inductive programs and see how evolution has accomplished this essential feat so many times, in so many different animals.
It is important, however, to keep in mind that the various processes that make up an inheritance-or inductive-based pathway of germline determination are each likely variable in their roles for each organism. These characteristics are also probably a continuum of differences between organisms (Fig. 2) . Evolutionary changes may thus individually work on one process or another, and only once a threshold is exceeded in the overall sum of the individual mechanisms does the embryo become categorized by an investigator as an inheritance-or inductive-based organism. Sea urchins are thought of classically as an inductive-based organism, but also help us understand the continuum model of germline determination. Manipulations of the early sea urchin embryo by Sven Horstadius in the early 1900s defined many of the concepts of signaling centers, embryonic signaling gradients, and cell-fate determination based on cell interactions (see Horstadius, 1973 ). Yet germ-cell determination in this animal appears to have many features of inheritance (autonomy) even though no localized germ plasm or germinal granules are found in the egg or early embryo (Juliano et al., 2006) . For example, when the precursor cells (micromeres) , of what appears to be the PGCs (small micromere derivatives), are placed in culture, the ''germ-cell features'' of the PGCs (specific vasa and nanos expression) are still acquired and are on schedule with the germ cells in the embryo (Yajima and Wessel, 2012) . Separating early blastomeres and culturing them individually leads to small but complete embryos, including the fractional number of germ cells normally formed by the blastomere. Following the third cell division, the germ-cell precursors form only in the vegetal-derived blastomeres, suggesting that localized germ-cell determinants are present in the vegetal pole (Voronina et al., 2008) . Further, if the small micromeres (PGCs) are removed from the early embryo, the animal still develops perfectly well, metamorphoses from a normal looking larva, and develops gonads, but does not show any indication of germ-cell development . This is analogous to the phenomenon in Drosophila in which pole cells are removed genetically . Yet when the micromeres (PGC precursor cells) of the sea urchin embryos are removed, the embryos compensate with a marked upregulation of vasa throughout the embryo and a gradual restriction of Vasa to endodermal regions, and metamorphosis into gravid adults (Ransick et al., 1996) . Thus, the embryos have retained some features of compensatory germline determination, something analogous to that in mice and suggestive of an original inheritance-based mechanism. In sea stars, close relatives of the sea urchin, the putative germline (derivatives of the posterior enterocoel) does not appear until much later in development. The embryos have uniform vasa expression until well after gastrulation, and then it gradually becomes restricted to the endodermal region, and finally enriched in cells of the posterior enterocoel. The above molecular behavior is reminiscent of the sea urchin embryo upon removal of their micromeres (Voronina et al., 2008) , and may reflect the retention of characters for inductive germline fate ''on the way'' to an inherited mechanism.
The compensatory germline activity in the sea urchin is not unique. The parasitic wasp Pimpla turionellae, for example, has distinct germinal granules (oosomes) that are acquired by the early-forming pole cells that give rise to the germline (Bronskill, 1959 ). Yet, when the oosomes are removed, the animal re-acquires germ cells by compensatory development (from an unknown lineage) to become fully fertile (Achtelig and Krause, 1971) . Thus, a range of features may be present in embryos, some revealed only by experimentation, that suggest a broad sharing of mechanistic pieces between the extremes of inheritance and inductive germline determination. We argue here that a continuum of characters exists within the realm of inheritance-and inductive-based germline determination mechanisms that would enable evolutionary transitions to occur many times in phylogeny. Perhaps once we have a better portrait of the molecular players and their functions in the event of germline determination, we will be able to approach the more overarching questions of evolutionary transitions for this important process in the life cycle of an organism.
A strong comparison can be drawn between the process of germline determination and sex determination. Sex determination in vertebrates is the process that directs development of the testes and ovaries from undifferentiated gonads, and the subsequent secondary sexual characteristics of the organism result from sexually dimorphic hormonal control of development (Gilbert, 2010) . Two mechanisms for sex determination exist in vertebrates: genetic/genotypic sex determination, in which the sex of the organisms is determined by which chromosomes the zygote acquires, and environmental sex determination, in which external conditions initially direct gonad development into male or female outcomes (Gilbert, 2010) . With the exception of the mole vole (Soullier et al., 1998) and spiny rat (Just et al., 1995) , all mammals use the Sry gene for male sex determination. This gene is a member of the high mobility group (HMG) DNA binding factor family that is necessary and sufficient for testis development (Sinclair et al., 1990; Koopman et al., 1991) . sry leads to expression of sox9 (another member of the HMG-class of DNA-binding proteins; Graves, 1998) , and a positive feedback loop enhances the process, including members of the fibroblast growth factor (fgf 9) that enhances sox9 expression (and which down-regulates sry), up regulates anti-M€ ullerian hormone (Amh), and down-regulates the wnt/beta-catenin pathway.
Development of an ovary in mammals instead involves expression of respondin-1 and wnt1, which enhance the beta-catenin pathway and, in concert with foxl2, repress the sox9/fgf9 amplifying loop. In many non-mammalian vertebrates, sex determination is also chromosomally based and uses many of the same pathway components to generate ovaries and testis, but the process involves initiation of a cascade in a system evolved from the dmrt1 gene (Matsuda et al., 2002 (Matsuda et al., , 2007 Yoshimoto et al., 2008; Smith et al., 2009; Mawaribuchi et al., 2012) .
Reptiles instead use temperature (one form of environmental sex determination) to initiate development of the gonads, leading to subsequent sex hormonal dimorphisms (Nelson et al., 2004; Sarre et al., 2004; Crews, 2009) . Although this environment-based mechanism of sex determination is less well understood than gene-based mechanisms, it is functional in most reptiles and relies on a narrow temperature (a few degrees centigrade) over a short window of time (less than 10% of the developmental period) to direct development of one or another sex in the offspring (Janzen and Paukstis, 1991) .
Remarkably, although many reptiles use this external cue for stimulating divergence between male and female development, they use many of the same genes involved in the pathway of sex determination as do the sry or dmrt1 genetic sex determination mechanisms. These include sox9, sf1, dax1, amh, and wt-1, which are each expressed in gonads during their genesis in a variety of reptilian species Crews et al., 1989 Crews et al., , 1991 Spotila et al., 1998; Smith et al., 1999; Kettlewell et al., 2000; Western and Sinclair, 2001 ).
Genetic and temperature-dependent sex determination appears to function along a continuum of states in animals demonstrated well in reptiles (Sarre et al., 2004; Angelopoulou et al., 2012) . In that taxon, sex in some species is determined primarily by genetic mechanisms, some by a combination of genetic and temperature mechanisms, and others primarily by temperature. It is believed that genetic and temperature-dependent sex determination mechanisms have evolved independently on several occasions, leading to this continuum of diversity in initiation of a common pathway. This is true also of the germline determination pathway: a core set of genes (including vasa, nanos, and piwi) are essential elements in the germline pathway used by all animals, yet their utilization differs greatly and is activated differently depending on the animal. These different extremes include the inheritance-and induction-based mechanisms and also follow a continuum of features that enable change over time from the reliance on one mechanism to another many independent times during evolution. A better understanding of the reproductive niche, not just the environmental niche of the organism, will be important for understanding the origins and transitions of these mechanisms.
